Abstract : A reduction method of residual positioning error of balancing balls on an auto-balancer mechanism is proposed. Rotation speed profile control method improves the performance of auto-balancer by providing a constant speed period at a critical speed in the middle of motor acceleration. In order to confirm its effect, equations of motion of the auto-balancer mechanism including balance balls are modeled based on non-stationary vibration model. Time-variant dynamics of the auto-balancer in accelerating the motor is simulated by using MATLAB and the balance balls are confirmed to move toward a balanced position. Furthermore, an experimental study by this method is performed on an optical disc drive with the auto-balancer and vibration amplitude suppression is verified.
Introduction
Auto-balancer, an automatic balancing mechanism using balance members, automatically corrects imbalance by placing some balance members in an annular track provided on concentric with the rotation axis of the rotary machine. Its configuration method can be roughly classified as follows.
-In classified by balancing members: ball balancer, liquid balancer, ring balancer, and pendulum balancer.
-In classified by control method: passive control balancer, and active control balancer.
Addressed in this paper is a ball balancer with passive control method.
As an initial research, which began in the 1930s, is known Thearle [1] . Inoue et al. [2] , from the 1960s through the 1980s, built the way of thinking of basic movement of the autobalancer. They modeled the auto-balancer by a steady state vibration model and discussed about stability of the auto-balancer and balancing conditions based on various patterns of ball position.
As means for suppressing the vibration of rotating body caused by mass eccentricity, the auto-balancer has been utilized in various industrial fields. Optical disc drives became a standard feature device on personal computers especially since 1996. Since then many reports on the auto-balancer of applied research targeted the optical disc drives [3] .
In the optical disc drives mounted on personal computers or audio visual equipments, an optical disc rotates at high speed in order to achieve high data transfer rate. If there is mass eccentricity due to uneven thickness of the optical disc, vibration caused by the unbalance can be quite large. As a countermeasure, the auto-balancer is installed on the optical disc drives for canceling the unbalance.
However, high vibration suppression performance cannot be obtained when residual balancing error occurs caused by rolling friction of the balls and dimensional variation of the autobalancer. Yang et al. [4] have investigated the relationship between the magnitude of frictional movement of balancing balls' surface and the magnitude of the residual balancing error of the balls for the auto-balancer mounted on the optical disc drive. But there was no suggestion for reducing the residual balancing error. Chao et al. [5] have estimated the position of balancing balls for the auto-balancer mounted on the optical disc drive by sliding mode observer. They repositioned the balls in order to reduce the residual balancing error. But this method required complicated arithmetic processing and a position detector was required to estimate the position of the balls.
In addition, although many reports have been focusing on discussing the steady state characteristics of the auto-balancer, non-stationary characteristics of the auto-balancer were not much discussed.
The purpose of this paper is to propose a simple and highly practical method to improve the vibration suppression performance of equipment by reducing the residual balancing error of the auto-balancer. In order to confirm the effectiveness of the proposed method, time axis simulation during the acceleration is performed by modeling the auto-balancer in non-stationary vibration model. It is described how to optimize the rotation speed profile including the case where the parameters of the auto-balancer mechanism have changed.
Furthermore, we verify the method by experiments using an optical disc drive equipped with the auto-balancer. It is difficult to measure the residual balancing error uniquely and accurately in experiments due to the influence of the rolling friction of the balls and the dimensional variation. Therefore the residual balancing error is confirmed by simulation. On the other hand experimental results show that the vibration is suppressed as a result of eliminating the residual balancing error. Figure 1 shows an example of configuration of the autobalancer on an optical disc drive [6] . The optical disc drive is equipped with a spindle motor for rotating an optical disc on a base plate. The auto-balancer is provided coaxially with the JCMSI 0003/14/0703-0141 c 2013 SICE spindle motor. The base plate is connected to the housing of the optical disc drive via insulators for buffering external or internal vibration of the optical disc drive.
Methods
Principle of operation for the auto-balancer is described. In the case there is unbalance on the optical disc which is caused by mass eccentricity, the unbalanced force F acts with the disc rotation. Along with it, the entire base plate including the spindle motor swings with the magnitude of the distance X with respect to the central axis of rotation. In this case, the centrifugal force Q is applied to the balancing balls which are included in the auto-balancer. The balls move to the opposite phase position of the unbalance by the resultant force P of the centrifugal force Q and the drag force N, as a result, to cancel the unbalance F.
Operation of the auto-balancer has three modes which consist of balanced solution mode, unbalanced solution mode and selfexcitation solution mode [7] . Generally in a low rotation speed region, the solution becomes the unbalanced solution mode. In the speed range sufficiently higher than the critical speed of the system which consists of the auto-balancer, the spindle motor, the base plate and the insulators as shown in Fig. 1 , it becomes the balanced solution mode. This mode is the most effective for canceling the unbalance. Effect for canceling the unbalance in the balanced solution mode is achieved by the balls moving to the position 180 degrees opposite phase to the unbalance. But it is inhibited due to the rolling friction of the balls and the dimensional variation of the auto-balancer. Moreover, while accelerating the spindle motor near the critical speed, the balance balls may carry out asynchronous rotation, i.e. revolution along the outer edge of the rotor, with the spindle motor rotation. This is called the self-excitation solution mode and it becomes a cause of vibration and noise of the auto-balancer. As a countermeasure, viscous resistance of the balls [2] or frictional resistance in rolling [4] is increased. But the balls become difficult to move at the balanced solution mode, worsening the balancing performance.
For these issues, we propose "rotation speed profile control method" in order to facilitate the movement of the balls in the balanced solution mode. Figure 2 shows a rotation speed profile of the method. This is the method of providing a constant speed period in the vicinity of the critical speed in accelerating the spindle motor at a start-up sequence when power of the optical disc drive is turned on [8] . The concept of this method is based on the following idea. As explained in the principle of operation for the auto-balancer, when the amplitude X of whirling the spindle motor increases, the moving force P to the Fig. 1 Composition of auto-balancer on optical disc drive. balls increases since the centrifugal force Q increases. Meanwhile, whirling of the spindle motor is the largest in the vicinity of the critical speed. But the amplitude of the moving force P to the balls is not enough as the peak period of whirling is short when the rotation speed profile has only the constant acceleration. Then the peak period of whirling is experimentally found to be increased by providing the period of a constant speed near the critical speed.
Modeling
In the following, modeling of the auto-balancer is described in order to confirm effectiveness of the proposed method by computer simulation. Figure 3 shows the auto-balancer which is modeled based on the above configuration. The symbol G indicates the position of the unbalance. The symbol S is the center of rotation shaft of the spindle motor i.e. the center of rotation of the auto-balancer which rotates at the ψ-φ swing angle around the origin of the coordinate x-y. The insulators are not shown in the figure, but modeled with spring k and damper c as equivalent to the case where the rotation shaft is deflected. A simple model is used as shown in Fig. 3 . The reason is because it is assumed that the proposed method is applicable not only optical disc drives, even in conventional equipments. As shown in the figure, we consider the case of two balance balls, i.e. B 1 and B 2 , which revolve along the outer edge of the rotor rotating without slipping.
The equations of motion are obtained using the symbols shown in Fig. 3 , based on Lagrange's equation taking into account non-stationary vibration model. In general, Lagrange's equation is expressed as in Eq. (1).
where L = T − V: Lagrangian, T : kinetic energy, V: potential energy, F: Rayleigh dissipation function, q k : generalized coordinate, u k (t): generalized force. Based on the modeling of the auto-balancer shown in Fig. 3 , the kinetic enrgy T is expressed as in Eq. (2). 
where M 0 : mass of the rotor, I G : moment of inertia of the rotor, R: radius of the rotor, m: mass of the balance ball, I: moment of inertia of the balance ball, a: radius of the balance ball. The potential energy V is expressed as in Eq. (3). Since it is assumed that x-y plane coincides with the horizontal plane, it is not considered gravity according to the balance balls.
The dissipation function F is expressed as in Eq. (4).
where c b : viscous drag coefficient of the ball. When x, y and ψ i are used as the generalized coordinates, the Lagrange's equations are expressed as shown in Eqs. (5)- (7).
d dt
where i = 1, 2.
In the Eq. (7), the generalized force u(t) is as shown in Eq. (8) . By substituting Eqs. (2)- (4) to Eqs. (5)- (7), Equations of motion (9)-(11) are obtained [9] .
where M = M 0 + 2m, and
where i = 1, 2, and
Simulation
Time-variant dynamics of the auto-balancer is simulated applying equations of motion (9) to (13) by using MATLAB. The spindle motor is accelerated from standstill by the constant acceleration i.e. dψ/dt = αt (α: acceleration constant), and the acceleration is performed again after the constant speed period is provided on the way, where parameters are set: M = 0.1 kg, k = 1000 N/m, eccentricity of the disc e = 100 μm, critical speed ω n = 100 rad/s, c = 0. Figure 4 is the case where the constant acceleration is performed entirely in the acceleration. In contrast, Fig. 5 is the case where the constant acceleration is performed in the acceleration again after the constant speed period (t c ) of 0.5 s when it reaches the critical speed i.e. 2.5 s < t c < 3.0 s. By providing the constant speed period, the peak amplitude of the whirling radius W r /e is increased and the peak period of whirling is extended compared with Fig. 4 . Along with it, the balance balls move immediately to near the phase angle of −180 degrees. But the balls are not settled at −180 degrees strictly. This is bacause the amplitude of the moving force P to the balls in Fig. 1 is a little bit large as the peak period of whirling is a little bit long. So the constant speed period needs optimization as shown later. Figures 6 and 7 are the case where the constant acceleration is performed in the acceleration again after the constant speed period (t c ) of 0.5 s before or after when it reaches the critical speed. Figure 6 shows the case in which the constant speed period is started at a timing earlier than the spindle motor reaches the critical speed, i.e. 2.0 s < t c < 2.5 s. Figure 7 shows the case in which the constant speed period (t c ) is started at a timing later than the spindle motor reaches the critical speed, i.e. 3.0 s < t c < 3.5 s. It can be seen that the phase angle of rotation of the balls does not reach the neighborhood of −180 degrees immediately in both cases of Figs. 6 and 7. On the other hand, the balancing balls in Fig. 5 are found to move immediately to the neighborhood of −180 degrees position by providing the constant speed period at the critical speed in the middle of motor acceleration.
In order to find the optimized value of the constant speed period (t c ), in the case of Fig. 5 , simulation is performed so that the start time (t s ) of the constant speed period is set to 2.5 s and the end time (t e ) of the constant speed period is altered. Figure 8 summarizes the simulation results in the graph. The horizontal axis represents the constant speed period. The vertical axis represents the settling period which is the time from the start time of the constant speed period until the balls move to −180 degrees first. Figure 8 shows that the optimized value of the constant speed period (t c ) is estimated as 0.3 s. Figure 9 shows the simulation result in the case of the constant speed period (t c ) of 0.3 s.
In general, the start time (t s ), the end time (t e ), and the constant speed period (t c = t e − t s ) of the rotation speed profile can be designed based on the parameters of the auto-balancer mechanism as follows. The critical speed ω n is expressed by Eq. (14).
It is described about the mass M of the spindle motor first. Since the start time (t s ) is set as the time to reach the critical speed, when the critical speed is increased, the start time (t s ) is also increased. Based on the Eq. (14), when the mass M is large, the critical speed becomes smaller in inversely proportion to the square root of M. Therefore, the start time (t s ) is set to be inversely proportional to the square root of M. It is assumed that the end time (t e ) has been already optimized for the mass M as a reference, as shown in Fig. 8 . If the value of the mass M is increased, the end time (t e ) is obtained as the inverse of the square root of the increased ratio. However, in that case, the balance effect of the auto-balancer is insufficient for the value of the mass M. Therefore, it is also necessary to increase the mass m of the balance balls in proportion to the mass M.
Next it is described about the spring k of the insulators. Based on the Eq. (14), when the spring k is large, the critical speed becomes larger in proportion to the square root of the spring k. Therefore, the start time (t s ) is set to be proportional to the square root of the spring k. It is assumed that the end time (t e ) has been already optimized for the spring k as a reference. If the value of the spring k is increased, the end time (t e ) is obtained as the square root of the increased ratio. However, in that case, the balance effect of the auto-balancer is excessive for the value of the spring k. Therefore, it is necessary to decrease the mass m of the balance balls in inversely proportion to the spring k.
It is described about the parameters other than the mass M and the spring k in the following. The start time (t s ) is determined based on only the critical speed. So it does not depend on the parameters other than those. The end time (t e ) can be obtained for each parameter as follows.
When the radius R of the rotor is increased (assuming the mass M is not increased), the whirling amplitude of the autobalancer becomes large in proportion to it. However the force acting on the balance balls also increases in proportion to it. So it is not necessary to change the end time (t e ).
The relationship between the end time (t e ) and the damper c of the insulators is not a simple proportional relationship. When the damper c is increased, the whirling amplitude of the auto balancer is suppressed. Therefore, in order to obtain the balance effect, it is necessary not only to adjust the end time (t e ) but also to increase the mass m of the balance balls. This adjustment can be obtained by simulaton.
For the radius r of the balance balls (assuming the mass m of each ball does not change), it does not affect to the end time (t e ) as there is no influence on the balance effect.
When the eccentricity e is increased, the whirling amplitude of the auto-balancer is increased. So the force acting on the balls increases. Therefore, the balance effect of the autobalancer is excessive. It is necessary not only to adjust the end time (t e ) but also to decrease the mass m of the balance balls. This adjustment also can be obtained by simulaton.
The viscous drag c b and coefficient of friction β b of the ball prevent the movement of the balance balls. Therefore the balance effect of the auto-balancer is insufficient. It is necessary not only to adjust the end time (t e ) but also to increase the mass m of the balance balls. This adjustment also can be obtained by simulaton.
Experiments and Results
We verify how to reduce residual balancing error of the autobalancer, by experiment using an optical disc drive. Figure 10 is a photograph as seen from above the optical disc drive used in the experiment. Figure 11 shows a block diagram of the experimental setup. Vibration pickups are placed on the base plate near the spindle motor to detect vibration along horizontal and vertical directions with respect to the base plate. Number of revolutions is monitored in response to acceleration and deceleration of the spindle motor.
Figures 12 and 13 show the vibration amplitude for horizontal and vertical directions with the disc having a mass eccentricity of 0.3 gcm and the optical disc drive is set to horizontally as shown in Fig. 11 . The vibration amplitude is the average of experimental value of 10 times. The auto-balancer has 5 balls which is equivalent to 0.33 gcm. Figure 12 shows vibration amplitude at the rotation speed 8000 rpm. Figure 12 with the auto-balancer (i.e. w/A-B) and the acceleration is the same as (a). Figure 12 (c) is the case with the auto-balancer (i.e. w/A-B) but the pause period of about 0.5 seconds is provided in the middle way at the rotation speed 2500 rpm which is the vicinity of the critical speed 2300 rpm. The results show that in the case with the auto-balancer the vibration amplitude is smaller than in the case without the auto-balancer for both horizontal and vertical directions. Further, in the case with the auto-balancer (i.e. w/A-B), the case where the pause period is provided in the middle way has much smaller vibration amplitude than the case without the pause period for both horizontal and vertical directions. Figure 13 shows the vibration amplitude in the case with the auto-balancer (i.e. w/A-B) but the timing in which the pause period is provided is different in three cases. Consequently in the case which the pause period is provided at the rotation speed 2500 rpm (i.e. Fig. 13 (a) ) which is the vicinity of the critical speed 2300 rpm, the vibration amplitude is the smallest in three cases. In this case, the phase angle of the balancing balls is estimated to reach near −180 degrees immediately as shown in Fig. 5 , so that the residual balancing error of the balls on the auto-balancer is improved. On the other hand in the case which the pause period is provided at the rotation speed 2000 rpm (i.e. Fig. 13 (b) ) which is lower than the critical speed, the vibration amplitude is the largest in three cases. In this case, the phase angle of the balancing balls is not estimated to reach near −180 degrees as shown in Fig. 6 , so the residual balancing error of the balls is not improved. In the case which the pause period is provided at the rotation speed 3000 rpm (i.e. Fig. 13 (c) ) , the phase angle of the balancing balls is not estimated to reach near −180 degrees as shown in Fig. 7 , so the residual balancing error of the balls is not improved.
In Figs. 12 and 13 , the pause period is set to about 0.5 seconds. This pause period, i.e. the value of the constant speed period was determined by trial and error experimentally. But the results of Section 3 shows that it can be estimated in simulation. So by adopting the value, the vibration amplitude can be reduced further. Figure 14 is the frequency characteristic of the vibration amplitude in the horizontal direction for both of w/A-B and w/o A-B and the optical disc drive is set to horizontally. In the experiment, the pause period is provided at the rotation speed 2500 rpm at the start-up sequence of the optical disc drive. The vibration amplitude in the case with the auto-balancer is smaller in almost all the frequency domain than in the case without the auto-balancer, but especially it is found smaller in the frequency area beyond the critical speed.
Conclusion
A reduction method of residual positioning error of the balancing balls on the auto-balancer mechanism has been proposed. Rotation speed profile control method improves the performance of the auto-balancer by providing a constant speed period in the middle of motor acceleration at the critical speed. Just the control method makes it possible without changing the auto-balancer mechanism. In order to confirm its effect, equations of motion of the auto-balancer mechanism including the balancing balls have been modeled based on non-stationary vibration model. Time-variant dynamics of the auto-balancer in accelerating the motor has been simulated by using MATLAB and the balls are confirmed to move toward a balanced position. It has been described how to optimize the rotation speed profile including the case where the parameters of the auto-balancer mechanism have changed.
Furthermore, an experimental study has been performed on an optical disc drive with the auto-balancer and vibration amplitude caused by unbalance disc is measured to be suppressed by the method. An optical disc drive has been used in this paper to validate the effectiveness of the method, but generally it will be also effective in the case of applying the method on such auto-balancers mounted on any devices.
